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Neural tube patterningog (Shh) represents an important process by which many types of neural
progenitor cells become properly organized along the dorsal–ventral axis of the vertebrate neural tube in a
concentration-dependent manner. However, the mechanism by which Shh signals are transduced with high
ﬁdelity and the relationship between the Shh signaling pathway and other patterning systems remain
unclear. Here we focus on the role of FK506-binding protein 8 (FKBP8) in controlling neural cell identity
through its antagonism of the Shh pathway. Our data indicate that disruption of FKBP8 function activates the
Shh signaling pathway cell-autonomously at a step that is independent of the transmembrane protein
Smoothened but dependent on the Gli2 transcription factor. This activation is also dependent on the kinesin-
2 subunit Kif3a, a component of the intraﬂagellar transport (IFT) machinery used to generate cilia. Our data
also indicate that non-cell-autonomous effects of the Fkbp8 mutation further contribute to the neural
patterning phenotype and suggest that FKBP8 plays an indirect role in promoting Bone morphogenetic
protein (BMP) signaling through antagonism of the Shh pathway.
© 2008 Elsevier Inc. All rights reserved.Introduction
Cells in the developing vertebrate neural tube are speciﬁed as
distinct progenitor subtypes along the anterior–posterior and dorsal–
ventral axes in response to instructive signals from their environment.
These spatially organized neural progenitors give rise to speciﬁc types
of neurons that go on to generate precise neural circuits. Thus, tightly
controlled patterning of the developing central nervous system is a
prerequisite for producing appropriately functioning circuits. For
these reasons, extensive studies have been used to elucidate the
mechanisms by which this pattern is established.
Previous studies demonstrated that several secreted molecules
play key roles in the dorsal–ventral organization of the neural tube.
These include Sonic hedgehog (Shh), Bone morphogenetic proteins
(BMPs), Fibroblast growth factors (FGFs), and retinoic acid (RA;
reviewed in Wilson and Maden, 2005). Despite the level of our
current understanding, the molecular mechanisms by which these
factors control neural identity remain unclear. For example, there are
signiﬁcant gaps in our understanding about the chain of events in
which Shh signaling information is faithfully transduced by vertebrate
cells to make appropriate neural cell fate decisions (reviewed in
Huangfu and Anderson, 2006).chwiler).
l rights reserved.Much of what we understand about how Shh signaling occurs has
come from studies of the Hedgehog pathway in Drosophila. Shh is one
of the vertebrate homologs of Drosophila hedgehog (Hh). Hh signals
through the conserved transmembrane proteins, Patched (Ptc) and
Smoothened (Smo), as well as through the Gli transcription factor
Cubitus interruptus (Ci) (reviewed in Jia and Jiang, 2006). In resting
cells, Ptc inhibits Smo activity resulting in the production of a
processed repressor form of Ci that blocks the expression of Hh target
genes. Upon binding to Hh ligand, Ptc is no longer able to block Smo
activity. Relieved of this inhibition, Smo activates the downstream
signaling pathway and allows Ci to function as an activator of target
gene expression. In themammalian Hedgehog pathway, the homologs
of these Drosophila proteins appear to have analogous functions,
although it is now becoming clear that the mechanism by which Smo
regulates the Gli transcription factors in vertebrates differs consider-
ably from that operating in invertebrates (Huangfu and Anderson,
2006; Varjosalo et al., 2006).
Cells in the vertebrate neural tube are exposed to different
concentrations of Shh, which vary inversely with the distance from
the ligand source. Cells positioned near the source are exposed to high
concentrations of Shh, causing them to adopt relatively ventral fates.
Cells located at progressively further distances from the source are
speciﬁed to make progressively more dorsal fate decisions (Ericson et
al., 1997). Thus, control of the distribution of Shh and of the signaling
events downstream of Shh must be tightly regulated to allow cells to
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identity (Wang et al., 2007). Shh signaling alters the balance between
the activator and repressor forms of the Gli transcription factors,
which directly and indirectly regulate many target genes including
members of the homeodomain transcription factor family (Jacob and
Briscoe, 2003). These factors are typically referred to as Class I genes
(such as Pax7, Pax6, and Irx3, expressed dorsally and laterally) or Class
II genes (such as Nkx6.1 and Nkx2.2, expressed ventrally), depending
on whether their expression is repressed or induced by Shh signaling,
respectively. Cells expressing unique combinations of these home-
odomain factors are speciﬁed as individual types of neural progeni-
tors. For example, in the spinal cord, somatic motor neurons are
generated from progenitors that express Pax6 and Nkx6.1 but not
Nkx2.2 or Irx3 (Briscoe and Ericson, 1999; Ericson et al., 1997; Lee et
al., 2004).
Defects in signal transduction downstream of Shh cause cells to
assume cell fates inappropriate for their positions along the dorsal–
ventral (D-V) axis. For example, loss-of-function mutations in
Patched1 (Ptch1) or Suppressor of fused (Sufu) cause constitutive
activation of the Hedgehog pathway, forcing cells throughout the
neural tube to inappropriately adopt ventral fates (Cooper et al., 2005;
Goodrich et al., 1997; Svard et al., 2006). Conversely, disruption of
Smoothened function blocks all Shh signaling activity, resulting in the
loss of ventral cell types and inappropriate speciﬁcation of dorsal cell
types within the ventral neural tube (Wijgerde et al., 2002). Thus,
regulation by activators and antagonists within the Hedgehog
intracellular signal transduction pathway is crucial for establishing
appropriate neural patterning.
Various approaches have been used to identify components of
the mammalian Hedgehog signaling pathway. For example, homo-
logs of Drosophila Hedgehog pathway components have been
functionally analyzed and have revealed conserved roles in mam-
mals (e.g., Chiang et al., 1996; Goodrich et al., 1997; Matise et al.,
1998). In addition, forward genetic approaches have revealed novel
factors required for Hedgehog signaling such as components of the
intraﬂagellar transport (IFT) machinery used to assemble cilia (e.g.,
Huangfu et al., 2003; May et al., 2005). Finally, mutations in genes
previously thought to be unrelated to the Hedgehog pathway have
uncovered novel components of this complex system. For example,
the function of FKBP8 in the Hedgehog pathway was serendipitously
revealed through gene knockout studies in mice (Bulgakov et al.,
2004).
FKBP8, also known as FKBP38, is a member of the immunophilin
FK506-binding protein (FKBP) family. FKBP8 is unique within this
family because, although it exhibits peptidyl prolyl cis-trans
isomerase activity like other family members, it does not bind the
drug FK506 (Edlich et al., 2005; Kang et al., 2005) and it is anchored
to mitochondrial membranes through a hydrophobic alpha helical
transmembrane domain in its C-terminus (Bulgakov et al., 2004;
Shirane and Nakayama, 2003). Several biochemical roles have been
ascribed to FKBP8. In vitro studies have shown that FKBP8 controls
apoptosis by binding Bcl-2, promoting its stability, and targeting this
antiapoptotic factor to mitochondria (Kang et al., 2005; Shirane and
Nakayama, 2003). This ability of FKBP8 to target Bcl-2 appears to be
positively regulated by its interaction with Ca2+/Calmodulin and
negatively regulated by its interactions with Hsp90 and the
presenilin proteins PS1/2 (Edlich et al., 2007; Edlich et al., 2005;
Weiwad et al., 2005). It has been suggested that FKBP8 binds and
negatively regulates calcineurin phosphatase (Shirane and
Nakayama, 2003), although other studies have failed to detect
such activity (Weiwad et al., 2005). Finally, FKBP8 has been recently
shown to aid in the docking of the 26S proteasome to organellar
membranes through its direct interaction with the S4 subunit
(Nakagawa et al., 2007). Despite these ﬁndings, the biochemical
function of FKBP8 in neural patterning during development remains
unclear.Here we investigate the role of FKBP8 in regulating cell identity
within the developing mouse neural tube. FKBP8 primarily acts in a
cell-autonomous fashion to prevent inappropriate activation of the
Hedgehog pathway by Gli2. This role of FKBP8 is independent of the
upstream pathway activator Smoothened but is dependent on the
kinesin-2 motor subunit Kif3a, which participates in IFT and cilia
assembly. In addition, disruption of FKBP8 causes non-cell-autono-
mous effects on neural patterning by changing the signaling
environment of neural progenitors.We propose that ectopic activation
of the Hedgehog pathway in Fkbp8 mutants prevents normal
production of BMP ligands and that the combination of diminished
BMP signaling and unrestrained Hedgehog signaling causes neural
tube cells to inappropriately adopt ventral fates at the expense of
dorsal fates.Materials and methods
Mouse strains and genotyping
The Fkbp8 mutant allele (Fkbp8tm1Tili) is a protein null allele
generated by gene targeting. This allele was a generous gift from T. Li
and genotyped as described (Bulgakov et al., 2004). Smotm1Amc,
Gli2zfd, Kif3atm1Gsn mutant mice were gifts from A. McMahon, A.
Joyner, and K. Anderson, respectively and were genotyped as
described (Marszalek et al., 1999; Matise et al., 1998; Zhang et al.,
2001). These alleles are all reported to be functionally null, although
a protein of slightly reduced size is generated from the Gli2zfd allele.
Gli2lkzi mutant embryos (Gli2 protein null) were a generous gift from
A. Joyner and were genotyped as described (Bai and Joyner, 2001).
Some of these embryos were used to generate homozygous primary
mouse embryonic ﬁbroblasts for mGli2 antibody studies. All alleles
were maintained and analyzed on a C3Heb/FeJ background except
for those Fkbp8 mutants used for chimera analysis, which were
analyzed on a 129X1/SvJ (N4) background. The Rosa26 allele (Gt
(ROSA)26Sor) was obtained on a 129S1/SvImJ genetic background
from Jackson Laboratories and was genotyped using primers directed
against LacZ.
Chimera analysis
To generate embryonic stem cells, the Fkbp8mutationwas crossed
into a 129X1/SvJ background, and then with Rosa26/+ mice to obtain
Fkbp8+/−Rosa26+/− males. These males were crossed with Fkbp8+/−
mice on the same background and blastocysts were harvested for the
de novo generation of embryonic stem (ES) cells as described (Nagy,
2003). ES cell lines were genotyped to identify Fkbp8−/− Rosa26+/−
and Fkbp8+/+ Rosa26+/− (control) lines. ES cells were injected into
embryonic day 3.5 (e3.5) C57BL/6J host blastocysts to generate
chimeric embryos using standard methods (Nagy, 2003). Embryos
were harvested at a stage equivalent to e10.5 (28–35 somite stage),
and yolk sacs were stained using X-gal to identify chimeras.
Fkbp8↔+/+ (n=9) and +/+↔+/+ (n=2) chimeras were ﬁxed, sectioned,
and analyzed by immunoﬂuorescence. For quantitation, neural tube
sections at the level of the hindlimbs were divided into 4 equivalent
zones (as described in Results) and images from each zone were
taken (8 ﬁelds per zone) and used for cell counting. The percentage of
mutant cells expressing each marker was determined by counting the
total number of β-gal+ cells and the number of β-gal+ marker+ cells
in each zone. For comparison, pure wild-type and pure Fkbp8−/−
mutant neural tube sections (on the 129X1/SvJ background) were
analyzed in a similar way but percentages represent the number of
marker+ cells divided by the total number of cells (identiﬁed as DAPI-
stained nuclei) in each ﬁeld. The morphology and neural patterning of
Fkbp8mutants was indistinguishable on the 129X1/SvJ and C3Heb/FeJ
backgrounds.
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Embryos were dissected, ﬁxed, sectioned, and stained as
described (Eggenschwiler and Anderson, 2000). Sections were
counterstained with DAPI. For all double mutant analyses, at least 4
embryos per genotype per marker were analyzed. Analysis of neural
tube patterning was performed on transverse sections at caudal
levels near the hindlimbs using the following primary antibodies:
mouse α-Nkx6.1, α-Pax6, α-Pax7, α-Shh, α-FoxA2, α-Nkx2.2, α-
MNR2/HB9, α-Msx1/2, α-Isl1/2. These antibodies were developed by
O. Madsen, A. Kawakami, T. Jessell, and S. Brenner-Morton and were
obtained through the Developmental Studies Hybridoma Bank.
Rabbit α-Olig2 antibody (Chemicon; AB9610) was used at 1:500
and rabbit α-FKBP8 (Bulgakov et al., 2004) was used at 1:5,000.
Detection of β-galactosidase in chimeric embryos was performed
using chicken α-β-galactosidase antibodies (Abcam, ab9361) diluted
at 1:100. Detection of phospho-Smad1(Ser463/465)/Smad5(Ser463/
465)/Smad8(Ser426/428) was performed on frozen sections using an
antibody from Cell Signaling Technology, Inc. (#9511) diluted at
1:200 in 3% BSA and 0.1% Triton X-100/PBS preceded by a mild
antigen retrieval step (1% SDS in 0.1X PBS for 5 min, followed by 3
washes in 0.1X PBS). Detection of Ki67 with an antibody from Thermo
Fisher Scientiﬁc was similarly performed using mild antigen retrieval.
Class III β-tubulin (Tuj1), Sox1, activated caspase 3, and phospho-
Histone H3 were detected using antibodies from Covance, R&D
systems, Promega, and Upstate cell signaling, respectively. Primary
cilia were identiﬁed using rabbit anti-IFT88 (1:1,000, generous gift
from G. Pazour). Cy3- and Cy2-conjugated secondary antibodies were
obtained from Jackson ImmuoResearch Laboratories. Images were
taken using a Nikon E800 compound ﬂuorescent microscope using a
digital camera from Princeton Instruments and acquired using
MetaMorph software (Universal Imaging Corporation). Confocal
images were taken using a PerkinElmer RS3 Spinning Disk confocal
system. Image intensity and contrast were adjusted using Adobe
Photoshop.
In situ hybridization
In situ hybridization on frozen transverse sections at lumbar levels
was performed as described (Schaeren-Wiemers and Gerﬁn-Moser,
1993). Whole mount in situ hybridization was performed as described
(Belo et al., 1997). At least 3 embryos of each genotype were analyzed
in each experiment. In situ hybridization probes were as follows:
mouse Raldh2 (Niederreither et al., 1997), Gdf7 (Lee et al., 1998), and
Wnt1 (Echelard et al., 1994), mouse Math1, Lhx2, and Lhx9 probes
were gifts from B. Crenshaw 3rd, and mouse Bmp7 probe was a gift
fromM. Solloway. Photographs were taken using a Leica stereomicro-
scope ﬁtted with a digital camera (Optronics, Inc.).
Gli2 antibody generation
We ampliﬁed mouse Gli2 (mGli2) cDNA sequences encoding
amino acids 1053 to 1264 using PCR and cloned the PCR product
upstream of sequences encoding a polyhistidine stretch (His) tag in
pET23b (Novagen). The mGli2-His recombinant protein was produced
in BL21 (DE3) pLysS cells as recommended by the manufacturer
(Stratagene) and puriﬁed under denaturing condition (8 M urea)
using the TALON metal afﬁnity resin from Clontech. Puriﬁed fusion
proteins were used to produce antibodies in guinea pigs from
Cocalico Biologicals (Reamstown, PA). The Gli2 antiserum was
afﬁnity-puriﬁed using antigen conjugated CNBr-Sepharose resins
and incubated with ﬁxed Gli2 null (Gli2lzki) mouse embryonic
ﬁbroblasts to reduce nonspeciﬁc staining in immunoﬂuorescence
experiments.
Additional materials and methods are described in Supplementary
material.Results
FKBP8 controls neural progenitor identity through cell-autonomous and
non-cell-autonomous mechanisms
In Fkbp8 mutant embryos, many more cells in the lumbar neural
tube adopt ventral fates at the expense of dorsal fates (Bulgakov et al.,
2004). Because of the complex relationships among pathways
governing neural patterning, it remains unclear how this phenotype
arises. To help distinguish between direct and indirect effects of the
Fkbp8 mutation, we performed chimera analysis. We generated
embryos consisting of a mix of mutant and wild-type host cells
(Fkbp8↔+/+) by injecting Fkbp8 mutant embryonic stem cells (ESCs)
into wild-type host blastocysts. Control chimeras (+/+↔+/+) were
generated in parallel. Mutant and control ESCs were heterozygous for
the Rosa26 insertion (Zambrowicz et al., 1997), which drives
ubiquitous expression of LacZ in ESC-derived descendants; Rosa26+
cells were identiﬁed by immunostaining for β-galatosidase (β-gal).
Although Fkbp8 mutant and wild-type (control) ESC-derived cells
contributed widely to all embryonic tissues, the chimeras we studied
were typically composed of less than 50% ESC-derived progeny. The
neural patterning of the posterior neural tubes from e10.5 chimeras
was examined in transverse sections by double labeling using
antibodies against markers for neural progenitor subtypes and β-gal
(Fig. 1, Supp. Figs. 1 and 2). For quantitation purposes, we subdivided
the neural tubes into four equal zones along the dorsal ventral axis
with zone I representing themost dorsal domain and zone IV themost
ventral domain (Fig. 2A).
Pax7, a Class I gene repressed by Shh signaling in the ventral neural
tube, is a marker of broad dorsal neural identity. Within zones I and II
of the wild-type neural tube (dorsal half), the majority of cells were
Pax7 positive (Figs. 1A and 2B). In contrast, the Fkbp8 mutant neural
tube expressed little or no Pax7; none of the cells in zone II of the
mutant neural tube expressed Pax7 and only 4% of cells in zone I were
Pax7+. In control (+/+↔+/+) chimeras, β-gal+ and β-gal- cells
expressed Pax7 (in addition to other markers) with equal frequency
and intensity (Supp. Fig. 1). In Fkbp8↔+/+ chimeric embryos, the
majority of β-gal+ Fkbp8mutant cells in zones I and II failed to express
Pax7 at appreciable levels, although their wild-type neighbors
robustly expressed this marker (Fig. 1A). In the chimeras, 10% and
31% of the Fkbp8mutant cells in zones II and I were Pax7+, respectively
(Fig. 2B). The failure of isolated patches of Fkbp8 mutant cells to
express Pax7 in an otherwise wild-type signaling environment
indicated that FKBP8 functions cell-autonomously to promote the
Pax7+ dorsal fate. However, it is important to note that in comparison
to cells in the pure Fkbp8 mutant neural tube, mutant ESC-derived
progenitors in chimeric neural tubes expressed Pax7 within zones I
and II at higher frequencies, hinting that there may be a non-cell-
autonomous component to the phenotype as well. This non-cell-
autonomous component was more apparent when examining
expression of other markers (see below).
Nkx2.2 and Nkx6.1 are Class II genes induced by Shh signaling in
the ventral neural tube. Nkx2.2 expression marks V3 interneuron
progenitors adjacent to the ﬂoor plate and Nkx6.1 is expressed more
broadly within zones III and IV. HB9 expression marks differentiating
motor neurons, which are speciﬁed in response to intermediate levels
of Shh signaling. Pax6 is a Class I gene expressed dorsally and laterally;
its expression is repressed ventrally by Shh signaling. Expression of
each of these markers was affected in Fkbp8↔+/+ chimeras in a
partially cell-autonomous fashion (Figs. 1, 2 and Supp. Fig. 2). We
observed inappropriate dorsal expression of Nkx2.2, Nkx6.1, and HB9
speciﬁcally in β-gal+ mutant cells in the FkbpP8↔+/+ chimeras.
However, ectopic expression was less frequent and the ectopically
expressing cells were more restricted to ventral domains in the
chimeras in comparison to pure Fkbp8mutant neural tubes (Figs. 2C, D
and Supp. Figs. 2B, C). Pax6 expression was cell-autonomously
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Fig. 2. Quantitation of marker expression proﬁles. A, subdivision of the neural tube sections into four equal zones (zones I–IV) along the dorsal–ventral axis for quantitation purposes.
Zones I and IV represent themost dorsal and ventral regions, respectively. B–F, frequency of Pax7 (B), Nkx2.2 (C), Nkx6.1 (D), Pax6 (E) and FoxA2 (F) expression shown as a percentage
of cells within a zone positive for eachmarker inwild-type, Fkbp8mutant, and Fkbp8↔+/+ chimeric neural tubes. In the chimeras, the frequencies represent the percentage of mutant
β-gal+ cells expressing each marker. Error bars reﬂect the standard error of the mean.
31A. Cho et al. / Developmental Biology 321 (2008) 27–39repressed in some mutant cells of FkbpP8↔+/+ chimeras (zone III), but
the effect of themutationwas less severe in chimeras than that seen in
pure Fkbp8 mutants (Fig. 2E and Supp. Fig. 2A).
FoxA2 is expressed in the most ventral structure of the spinal
cord, the ﬂoor plate, which is a secondary source of Shh ligands.
In e10.5 Fkbp8 mutants, ectopic FoxA2 expression was detectedFig. 1. FKBP8 regulates neural progenitor fates cell-autonomously and non-cell-autonomous
e10.5 wild-type, Fkbp8 mutant, and Fkbp8↔+/+ chimeras. Sections are stained for markers
(C, FoxA2) shown in red (nuclear staining). Sections were counterstained with DAPI (blue). B
descendants of Fkbp8mutant, Rosa26+ ES cells were identiﬁed by stainingwithβ-gal antibody
mutant cells in dorsal regions with some exceptions (yellow arrowheads). Nkx2.2 was ectopi
domain (dorsal border indicated by a yellow arrowhead). FoxA2 expressionwas dramatically
in chimeras. Scale bars are 20 μm.throughout the ventral 50–70% of the lumbar neural tube (zones
II, III, and IV). Interestingly, in Fkbp8↔+/+ chimeras, only mutant
cells in the normal ﬂoor plate domain expressed FoxA2 like their
wild-type neighbors (Figs. 1C and 2F). Expression of another ﬂoor
plate marker, Shh, showed a similar pattern as FoxA2 in FKBP8↔+/+
chimeras (Supp. Fig. 2D). Therefore, ectopic speciﬁcation of thely. A–C, sections through the posterior neural tubes (near the level of the hindlimbs) of
of dorsal progenitors (A, Pax7), ventral progenitors (B, Nkx2.2), and ﬂoor plate cells
ottom rows in panels A–C show higher magniﬁcation confocal images. In the chimeras,
(green cytoplasmic staining). Pax7 expressionwas repressed cell-autonomously inmost
cally expressed in some mutant cells (blue arrowheads) dorsal to the normal expression
expanded in Fkbp8mutants but it was expressed normally inmutant and wild-type cells
Fig. 3. Ventral neural cell types are speciﬁed in Fkbp8 mutants independently of
Smoothened. At e9.5, markers for ventral fates (Shh, FoxA2, Nkx2.2, Nkx6.1) were
expressed in dorsally-expanded domains in Fkbp8 mutant neural tubes but were not
expressed in the neural tubes of Smoothened (Smo) mutants. Pax6, a marker of dorsal
and lateral fates, was expressed in a dorsally-restricted domain in Fkbp8 mutants and
was expressed throughout the ventral midline in Smo mutants. Smo/Fkbp8 mutants
showed restoration of of FoxA2, Nkx2.2 and Nkx6.1 expression as well as dorsal
restriction of Pax6 expression. The loss of neural Shh expression was not rescued in the
double mutants. Scale bar is 50 μm.
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environment is mutant. However, it is likely that the expansion of
the ﬂoor plate in Fkbp8 mutants also results from a cell intrinsic
defect and in a predominantly wild-type environment this defect
is not sufﬁcient to drive ectopic ﬂoor plate speciﬁcation.
Collectively, these data indicate that many cell fates along the
dorsal–ventral axis of the neural tube are controlled by cell-
autonomous activities of FKBP8. However, the ventralization of
mutant cell identity in chimeras was variably less severe than it was
in pure Fkbp8 mutants depending on the marker examined. This
suggests that, at some level, FKBP8 also controls the signaling
environment inﬂuencing dorsal–ventral neural identity.
A Smoothened-independent role for FKBP8 in neural patterning
The data presented above indicate that neural cell fates in Fkbp8
mutants are inappropriately ventralized by a combination of cell
intrinsic and extrinsic factors. Because ventral cell fates are speciﬁed
in Fkbp8 mutants independently of Shh (Bulgakov et al., 2004), it is
likely that the cell-autonomous role of FKBP8 is through antagonism
of Hedgehog signal transduction. Although the distribution of Shh
ligand is altered in Fkbp8mutants, this cannot easily explain the non-
cell-autonomous effects of the mutation because the ﬂoor plate was
dramatically expanded in Shh/Fkbp8 double mutants yet ectopic ﬂoor
plate speciﬁcationwas not observed in Fkbp8↔+/+ chimeras. However,
other Hedgehog ligands, in particular Indian Hedgehog (Ihh), may act
in parallel with Shh, as Ihh and Shh have partially redundant roles in
the embryo (Zhang et al., 2001). Thus, increased production of other
Hedgehog family members in Fkbp8 mutants may contribute to their
phenotype.
To investigate this possibility, we asked whether the effects of the
Fkbp8 mutation depend on the transmembrane protein Smoothened
(Smo). Smo acts downstream of the Patched receptor (Ptch) to activate
target genes in response to all Hedgehog ligands; in its absence, no
signaling occurs. The neural tube of Smo mutants is somewhat more
dorsalized than that of Shhmutants indicating that Ihh acts directly or
indirectly to allow some ventrolateral neural cell types to be speciﬁed
in the absence of Shh (Pierani et al., 1999; Wijgerde et al., 2002). In
Smo mutants, no markers of ventral neural identity are expressed
and Pax6, a molecular marker of lateral and dorsal cell identities, is
ectopically expressed throughout the ventral neural tube. We found
that e9.5 Smo/Fkbp8 double mutants (n=5), like Smo single mutants,
were growth retarded, although the effect was less severe (Supp. Fig.
3A). In contrast to Smo single mutants, FoxA2+, Nkx2.2+ and Nkx6.1+
ventral cell types were speciﬁed and ventral Pax6 expression was
suppressed in the neural tubes of Smo/Fkbp8 double mutants (Fig. 3).
Despite the rescue of ventral neural fates, expression of Shh was not
observed in the double mutant neural tubes. Interestingly, cells
adopting ventral fates in Smo/Fkbp8 double mutants were not clearly
organized along the dorsal–ventral axis of neural tube, although
speciﬁcation of such ventral cell types shows a clear dorsal–ventral
organization in Shh/Fkbp8 mutants (Bulgakov et al., 2004). Collec-
tively, these data indicate that many aspects of the Fkbp8 neural
patterning phenotype are independent of all Hh ligands and that they
are also independent of upstream steps in the pathway involving Ptch
and Smo. However, the small size of the Smo/Fkbp8 double mutants
and their failure to express Shh in the neural tube suggests that the Hh
pathway is not sufﬁciently active in Fkbp8 mutants to entirely
overcome dependence on Smo.
Ventralization of neural cell identity in Fkbp8 mutants is mediated by
Gli2
The ectopic expression of direct Shh target genes such as Patched1,
Gli1, and FoxA2 in Fkbp8 single and Shh/Fkbp8 double mutants
indicates that FKBP8 regulates the Hedgehog signal transductionpathway itself rather than directly regulating the function of Shh
targets such as homeodomain transcription factors. If this were true,
we would expect that the effects of the Fkbp8mutationwould depend
on the Gli transcription factors. Of the Gli transcription factors, Gli2
represents the most likely target of FKBP8 activity because it is the
only member of the family that is required in a non-redundant fashion
for specifying ventral neural identity. For this reason, we focused our
attention on Gli2.
Gli2 is required for the proper speciﬁcation of ventral cell types
such as ﬂoor plate and V3 interneuron progenitors that require the
highest level of Shh signaling; in Gli2 mutants, the ﬂoor plate
markers Shh and FoxA2 fail to be expressed, a small number of
Nkx2.2+ V3 neural progenitors are positioned at the ventral midline,
and the HB9+Isl1/2+ motor neuron domain expands across the
ventral midline (Eggenschwiler et al., 2006; Matise et al., 1998). Cell
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affected in Gli2 mutants due to partial redundancy with Gli3 (Bai et
al., 2004). We found that Gli2/Fkbp8 double mutant neural tubes
(n=5) exhibited a nearly identical morphology and patterning
phenotype as Gli2 single mutants (Fig. 4). For example, as in Gli2
single mutants, Shh and FoxA2 were not expressed in the ventralmidline of the double mutants nor was the dorsal expansion of the
Nkx2.2+ and HB9+ domains characteristic of Fkbp8 single mutants
observed. We noted that the dorsal border of the Nkx6.1+ domain
was shifted to a minor extent in the double mutants when
compared with Gli2 single mutants, but this effect was far less
dramatic than in Fkbp8 single mutants. The expression of the Class I
genes Pax6 and Pax7 was also similar in Gli2 and Gli2/Fkbp8 double
mutants. Thus, disruption of Gli2 prevents the inappropriate
ventralization of neural identity observed in Fkbp8 mutants,
showing that FKBP8 antagonizes the Shh pathway primarily through
a Gli2-dependent mechanism.
The epistatic relationship between FKBP8 and Gli2 could reﬂect
regulation of Gli2 protein stability, modiﬁcation, or subcellular
localization by FKBP8 through a direct or indirect mechanism.
Alternatively, FKBP8 may control the function of a Gli2-associated
factor that stimulates or represses its transcriptional activity. To
investigate the ﬁrst possibility, we assayed the status of endogenous
Gli2 protein inwild-type and Fkbp8mutant embryos. We were unable
to detect an effect of the Fkbp8 mutation on Gli2 protein levels,
electrophoretic mobility, or nuclear localization (Supp. Figs. 4A–C). In
addition, co-immunoprecipitation experiments did not reveal a
physical interaction between Gli2 and FKBP8 (Supp. Fig. 4H). These
data suggest that FKBP8 either indirectly controls Gli2 at the protein
level by a separate, unexploredmechanism or that it regulates another
factor, such as Suppressor of fused (Sufu; Barnﬁeld et al., 2005; Svard
et al., 2006), which controls the ability of Gli proteins to activate
transcriptional targets in the absence of Hedgehog signals (see
Discussion). However, as we did not ﬁnd levels of Sufu or the
association between Gli2 and Sufu to be changed in Fkbp8 mutants
(Supp. Figs. 4F, G), we cannot currently distinguish between these
possibilities.
Intraﬂagellar transport and FKBP8
Intraﬂagellar transport (IFT) is a cellular mechanism by which cells
generate and maintain cilia. Recent studies have demonstrated the
importance of IFT and primary cilia in mammalian Shh signaling as
many proteins required for ciliogenesis are also required for Hedgehog
signaling and components of the Hedgehog pathway, such as Ptch,
Smo, Sufu, and Gli proteins localize to cilia (Corbit et al., 2005;
Haycraft et al., 2005; Houde et al., 2006; Huangfu et al., 2003; Liu et al.,
2005; May et al., 2005; Rohatgi et al., 2007). In mouse mutants
defective for IFT, both the activation and repression functions of Gli
transcription factors are impaired. Thus, neural patterning in mouse
IFT mutants resembles that of Gli2/Gli3 compound mutants in which
there is only constitutive basal activity of the pathway. One such IFT
mutant is deﬁcient for Kif3a, which encodes a subunit of the kinesin-2
motor allowing for anterograde IFT. Like other IFT mutants, Kif3a
mutants lack primary cilia and show loss of ventral neural fates
(Huangfu et al., 2003; Marszalek et al., 1999). Epistasis experiments
have shown that the IFT machinery functions downstream of Ptch and
Smo at the level of intracellular signal transduction (Huangfu et al.,
2003; Liu et al., 2005).Fig. 4. Ventralization of neural patterning in Fkbp8mutants is dependent on Gli2. Fkbp8
mutant posterior neural tubes at e10.5 showed ectopic dorsal expansion of ventral cell
types and diminished, dorsally-restricted speciﬁcation of dorsal cell types. Note that the
Fkbp8mutant neuroepithelium is thinner and the central canal is expanded. Gli2 single
mutant neural tubes exhibited a contrasting phenotype; Shh and FoxA2 were not
expressed in the neural tube, the numbers of Nkx2.2+ cells were reduced and
positioned in the ventral midline, and HB9+ differentiating motor neurons expanded
across the ventral midline. The morphology and patterning of Gli2/Fkbp8 double
mutant neural tubes closely resembled those of Gli2 single mutants. The dorsal
expansion of Nkx6.1 expression in Fkbp8mutants was largely suppressed in Gli2/Fkbp8
double mutants, although the dorsal limit of expression was shifted relative to that in
wild-type and Gli2 single mutants. Scale bar is 50 μm.
Fig. 5. FKBP8 controls neural patterning though an IFT-dependent mechanism.
Patterning of the e9.5 wild-type, Fkbp8 mutant, Kif3a mutant, and Kif3a/Fkbp8 double
mutant posterior neural tube is shown. Loss of Kif3a disrupts intraﬂagellar transport
and causes dorsalization of neural fates. Speciﬁcation of ventrolateral neural identities
requiring low-level activation of the Hedgehog pathway (marked by Nkx6.1 expres-
sion), was maintained in Kif3a mutants. The ventralized phenotype seen in Fkbp8
mutants was completely suppressed in Kif3a/Fkbp8 double mutants whose patterning
and morphology was indistinguishable from that of Kif3a single mutants. Scale bar is
50 μm.
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genes in Fkbp8 mutants in the absence of IFT, we generated Kif3a/
Fkbp8 double mutants. Consistent with previous studies (Huangfu et
al., 2003), we found that Kif3a mutant neural tubes exhibited ventral
expansion of Pax6 expression at the expense of ventral neural fates
marked by Shh, FoxA2, and Nkx2.2 expression. Nkx6.1 is normally
expressed in cells lying dorsal to the Nkx2.2+ and FoxA2+ domains and
its expression is maintained in Gli2/Gli3 double mutants (Bai et al.,
2004), suggesting that a lower level of Shh signaling is sufﬁcient for its
expression. Indeed, Nkx6.1 expression was maintained in a ventral
domain of the Kif3a mutant neural tubes, consistent with the
hypothesis that IFT mutants retain low-level activation of the
Hedgehog pathway due to defective generation of the Gli3 repressor
form (Huangfu and Anderson, 2005; Liu et al., 2005). We found that
embryonic morphology and dorsal–ventral neural patterning in Kif3a/
Fkbp8 double mutants (n=4) was identical to that of Kif3a single
mutants (Fig. 5, Supp. Fig. 3B). In these embryos, no expression of Shh,
FoxA2 or Nkx2.2 could be detected in the double mutant neural tube,
although ventral Nkx6.1 expression was maintained as in Kif3a single
mutants. In addition, Pax6 was expressed throughout the ventral
neural tube of both Kif3a and Kif3a/Fkbp8 mutants. Thus, although
Gli2 is able to constitutively activate Shh target genes in Fkbp8
mutants in the absence of Shh or Smo, this ability still appears to
depend on intraﬂagellar transport and ciliogenesis.
Because most of the effects of the Fkbp8 mutation are Gli2-
dependent and because GFP-tagged Gli2 localizes to cilia tips (Hay-
craft et al., 2005), we investigated whether cilia are generated
normally and whether Gli2 localizes to their tips in Fkbp8 mutant
neural tube cells. We found that endogenous Gli2, as reported for
endogenous Gli3, was enriched at the tips of primary cilia in cultured
primary embryonic ﬁbroblasts as well as in the embryonic tissues such
as the neural tube (Supp. Figs. 5A–D, and data not shown). Although
ourα-Gli2 antibody appeared to showweak cross-reactivity with Gli3
(Supp. Fig. 4D and data not shown), cilia of Gli2 null (Gli2lzki) primary
embryonic ﬁbroblasts, neural tube, and gut endoderm showed no
signiﬁcant staining (Supp. Figs. 5I–L and data not shown). At the
resolution afforded by ﬂuorescence microscopy, primary cilia
appeared to be normally generated in the Fkbp8 mutant neural tube
and we did not detect any differences in the localization of Gli2 to the
tips of cilia between Fkbp8 mutant and wild-type neural progenitor
cells (Supp. Figs. 5B, F). While these data do not exclude a role for
FKBP8 in controlling signaling events within the cilia of neural
progenitors, they suggest that activation of the Shh pathway in Fkbp8
mutants does not result from dramatic changes in cilia structure or in
Gli2 localization to cilia tips.
FKBP8 and neural tube growth
The Fkbp8 mutant posterior neural tube is noticeably growth
retarded and abnormally shaped by e10.5. Speciﬁcally, the walls of the
mutant neuroepithelium appear thin is comparison to wild-type and
the lumen is greatly expanded. Because increased numbers of dying
cells in the posterior ventral regions of neural tubes were recently
described in a gene-trapmutant allele in Fkbp8 (Wong et al., 2008), we
investigated cell death in the knockout targeted allele (Supp. Figs. 6A,
B). As we observed previously (Bulgakov et al., 2004), no changes in
the numbers of apoptotic cells were detected at e10.5 as assayed by
activated caspase 3 immunostaining. However, we did detect a
signiﬁcant increase in the number of activated caspase 3+ cells in
the mutant a day earlier in development (e9.5). The dying cells were
generally limited to the ventrolateral regions of the mutant neural
tube. Although in vitro studies have indicated that FKBP8 plays an
important anti-apoptotic role through potentiating Bcl-2 (e.g., Shirane
and Nakayama, 2003), it is possible that the cell death phenotype we
observed is due to hyperactivation of the Shh signaling pathway
rather than misregulation of Bcl-2. Consistent with this possibility,exposure of the chick neural tube to excess Shh ligand resulted in
increased numbers of dying cells within the ventrolateral neural tube
at early, but not late, stages of neural development (Oppenheim et al.,
1999), the same pattern we have observed in the Fkbp8 mutant. To
address this possibilitymore directly, we investigatedwhether the cell
death phenotype would be suppressed in Fkbp8/Gli2 double mutants.
Consistent with our hypothesis, we found normal low levels of cell
death in both Gli2 and Fkbp8/Gli2 mutant neural tubes at e9.5 and
e10.5 (Supp. Figs. 6A, B). These data suggest that at least some portion
of the neural tube size defect in the Fkbp8mutant stems form an early
increase in apoptosis caused by unrestrained activity of Gli2.
The neural tube growth defect in Fkbp8 mutants may also arise
from disruption of other processes, such as proliferation and cell cycle
exit, in addition to the effects on cell survival. We observed down-
regulation of the proliferative progenitor marker Sox1 in the ventral
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e9.5 and was particularly evident by e10.5 (Supp. Figs. 6C, D).
Concomitant with this effect on Sox1 expression, we observed
extensive expression of class III β-tubulin (Tuj1), a post-mitotic
neuronal marker, throughoutmost of themutant neural tube by e10.5.
These effects were largely suppressed in Fkbp8/Gli2 double mutants.
Therefore, we suggest that FKBP8 is required for setting the
appropriate balance between proliferating versus post-mitotic cells
by antagonizing the Shh signaling pathway. The rescued size and
morphology of the Fkbp8/Gli2 posterior neural tube is consistent with
this hypothesis.
If a greater fraction of daughter cells resulting from division of
progenitors make the decision to terminally differentiate rather than
remain as proliferative progenitors in the mutant, it is likely that the
pool of progenitors would be gradually depleted over time resulting
in a growth defect. To address this possibility we investigated the
expression of phosho-Histone H3, a marker of proliferating cells in
late G2/M phases of the cell cycle. Taking into account the smaller size
of the mutant neural tube, we found that a smaller percentage of total
cells in the mutant neural tube expressed phospho-Histone H3 in
comparison to wild-type. This effect was statistically signiﬁcant at
e9.5 and was more evident by e10.5 (Supp. Figs. 6E, F). In further
support of our hypothesis, we found that expression of Ki67, a marker
of proliferating cells in all phases of the cell cycle, was largely
suppressed in the ventral two thirds of the mutant neural tube when
compared to wild-type (Supp. Fig. 6G). Collectively, these data
suggest that, by inhibiting Gli2 activity, FKBP8 promotes growth of
the posterior neural tube through suppressing early cell death and
maintaining the appropriate balance between proliferation and
differentiation within the ventral and lateral regions of the
neuroepithelium.Fig. 6. BMP signaling is disrupted in Fkbp8 mutants. A, Expression of the Bmp genes Gdf7 an
neural tubes of e9.5 wild-type, Fkbp8, and Fkbp8/Gli2 double mutants. Note that expression
Fkbp8 single mutants whereas expression of the markers was restored in Fkbp8/Gli2 (Fk/Gli2
in the dorsal posterior neural tubes of e11.0 wild-type, Fkbp8 and Fkbp8/Gli2 double mutants
Fkbp8/Gli2 double mutants. C, Anti-β-gal and anti-Msx1/2 double labeling of e10.5 Fkbp8↔+/
Fkbp8 mutant cells. Scale bars are 50 μm.FKBP8 is required non-cell-autonomously for proper BMP signaling in
the neural tube
The observation that the fates of mutant cells in Fkbp8↔+/+
chimeras were not ventralized to the same extent as those in pure
Fkbp8 mutants indicates that FKBP8 controls patterning signals in
the neural tube environment. Although the expansion of the Shh
expression domain in the mutants could partially account for the non-
cell-autonomous component of the mutant phenotype, the neural
patterning phenotypes of Shh/Fkbp8 and Smo/Fkbp8 double mutants
indicates that Hedgehog-independent patterning signals must be
affected as well (see Discussion).
Because BMP signaling plays an antagonistic role to Shh signaling
in dorsal-ventral neural patterning, we suspected that signaling by
BMPs could be impaired in Fkbp8mutants. Previous studies suggested
that some BMP signaling does occur in the Fkbp8 mutant neural tube
at e10.5, but to a lesser extent than inwild-type (Bulgakov et al., 2004).
At e9.5, we found that expression of Msx1 and 2 (Msx1/2) and the
expression of the phosphorylated forms of Smad1/5/8, both reliable
readouts of the BMP signaling pathway, were strongly down-
regulated in the dorsal regions of Fkbp8 mutant neural tube (Fig.
6A). Roof-plate ablation or disruption of type 1 BMP receptors
(Bmpr1a and Bmpr1b) in the mouse neural tube disrupts BMP
signaling and preventsMath1, Lhx2, and Lhx9 expression in the dorsal
neural tube (Lee et al., 2000;Wine-Lee et al., 2004). As expected, none
of these later BMP-responsive genes were expressed in the Fkbp8−/−
neural tube (Fig. 6B). If diminished BMP signaling were responsible for
the non-cell-autonomous aspects of themutant phenotype, the defect
should be at the level of the signals rather than in the ability of mutant
cells to respond to BMPs. Gdf7 and Bmp7 encode BMP ligands
produced by the cells in the dorsal neural tube and, consistent withd Bmp7, and the BMP pathway targets phospo-Smad1/5/8 and Msx1/2 in the posterior
of the Bmp genes as well as their readouts is greatly diminished in the neural tubes of
) double mutants. B, Expression of the BMP pathway target genesMath1, Lhx9, and Lhx2
. Note the absence of expression in Fkbp8mutants and the suppression of this defect in
+ chimeric neural tubes. Msx1/2 staining was comparable in β-gal-wild-type and β-gal+
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e9.5 Fkbp8 mutant neural tubes (Fig. 6A).
We next asked whether Msx1/2 is expressed at normal levels in
mutant cells in Fkbp8↔+/+ chimeric neural tubes, since a defect in
BMP responsiveness would be manifested as a cell-autonomous
down-regulation of Msx1/2 expression in comparison to neighboring
wild-type cells. As expected, we found no differences in the levels or
domain of Msx1/2 expression between wild-type and Fkbp8 mutant
cells sharing the same signaling environment in the chimeras (Fig.
6C). These data suggest that BMP signaling is diminished in Fkbp8
mutants at the level of BMP signals rather than in BMP
responsiveness.
Since the neural patterning phenotype of Fkbp8 mutants was
strongly suppressed by disruption of Gli2, we asked whether the
effects on BMP signaling were similarly suppressed in Gli2/Fkbp8
double mutants. We found that expression of Bmp genes (Gdf7 and
Bmp7) as well as BMP readouts (Msx1/2, phosho-Smad1/5/8, Math1,
Lhx2, and Lhx9) were all restored in the double mutants in a manner
comparable to wild-type (Figs. 6A, B). This suggests that cells in the
dorsal neural tube require FKBP8 to repress Gli2 activity so that BMPs
may be produced and signal to other cells. Together with previous
ﬁndings indicating the antagonistic relationship between BMP and
Shh signaling in the control of ventral neural identity (Liem et al.,
2000), we believe that the non-cell-autonomous aspect of the Fkbp8
neural patterning phenotype can be explained by defective produc-
tion of BMP signals. However, the data also indicate that cell-
autonomous, unrestrained activation of Gli2 represents the primary
defect in these mutants and that decreased production of BMP ligands
results from this defect secondarily.
Discussion
The role of FKBP8 in the Hedgehog signaling pathway
Previous epistasis experiments indicate that loss of FKBP8 leads to
ventralization of cell fates independently of Shh (Bulgakov et al.,
2004). We found that this ventralizing effect was manifested even in
the absence of Smoothened (Smo). Because Shh activates Smo by
antagonizing Patched, these data indicate that FKBP8 controls the
Hedgehog signaling pathway at a step that is independent of both
Patched and Smoothened. However, the phenotype of Smo/Fkbp8
double mutants was not identical to that of Fkbp8 single mutants.
Most notably, the embryonic growth defect seen in Smo mutants was
not substantially rescued by disruption of FKBP8, suggesting that
disruption of FKBP8 has a minor effect on Hedgehog pathway activity
in the early embryo.
Even within the context of neural tube patterning, Smo/Fkbp8
double mutants showed a different patterning phenotype from that of
Fkbp8 single mutants. For example, neural expression of Shh was not
rescued in the Smo/Fkbp8 double mutants, although Shh expression in
the neural tube was restored in Shh/Fkbp8 double mutants (Bulgakov
et al., 2004). Thus, FKBP8 may have an additional second role in the
Hedgehog pathway at a step upstream of Smo. Alternatively, because
signaling by Ihh (possibly from the gut endoderm) can partially
compensate for the loss of Shh, but not Smo, in neural tube patterning
(Martinelli and Fan, 2007; Wijgerde et al., 2002), it is possible that
neural tube expression of Shh in Shh/Fkbp8 mutants is partially
achieved through Ihh signaling.
FKBP8 regulates direct transcriptional targets of the Shh pathway
independently of Shh (Bulgakov et al., 2004) and we show here that
control of neural patterning by FKBP8 is primarily mediated by Gli2.
These data indicate that FKBP8 acts within the Hedgehog signal
transduction per se rather than through a parallel pathway. Because
neural patterning was not completely identical between Gli2 and Gli2/
Fkbp8 mutants, FKBP8 also appears to function though a Gli2-
independent mechanism. However, this second function of FKBP8,which may involve Gli3 regulation, is relatively insigniﬁcant in
comparison to its primary role in restricting Gli2 activity.
The mechanism by which FKBP8 restricts Gli2 activity remains
unclear. Regulation of Gli2 is complex, involving its posttranslational
modiﬁcation, stability, subcellular localization and its inhibition by
Sufu (Barnﬁeld et al., 2005;Murone et al., 2000; Pan et al., 2006; Riobo
et al., 2006), and it is possible that FKBP8 is involved in one or more of
these mechanisms. However, we investigated these aspects and found
no evidence that they were altered in Fkbp8 mutants. The recent
ﬁnding that FKBP8 plays a role in membrane-associated proteasome
function (Nakagawa et al., 2007) may be related to its function in the
Shh pathway, although neither Gli2 nor Sufu is likely to be the target
of this activity as their levels were unaffected in Fkbp8mutants. Thus,
FKBP8 could regulate the function or stability of other factors that
associate with Gli proteins and modulate their activity, such as Med12
or Sap18 (Cheng and Bishop, 2002; Zhou et al., 2006).
FKBP8 and intraﬂagellar transport
In recent years, many studies have uncovered the importance of
intraﬂagellar transport (IFT) and primary cilia in the control of
mammalian Hedgehog signaling. Components of the core Hedgehog
signaling pathway, such as Patched, Smo, Sufu, and Gli transcription
factors, localize to primary cilia and mutations in many genes that
disrupt ciliogenesis in the mouse also disrupt Hedgehog signal
transduction (e.g., Caspary et al., 2007; Corbit et al., 2005; Haycraft
et al., 2005; Houde et al., 2006; Huangfu et al., 2003; Rohatgi et al.,
2007). Loss-of-function mutations that completely disrupt ciliogen-
esis, such as disruption of the kinesin-2 subunit Kif3a (Huangfu et al.,
2003; Kolpakova-Hart et al., 2007), block the function of Gli activators
and repressors leading to constitutive, basal activity of the pathway.
Moreover, disruption of Arl13b/hnn, which leaves cilia intact but
changes their structure, causes the Hedgehog pathway to be
constitutively activated at an intermediate level (Caspary et al.,
2007). We found that primary cilia in the Fkbp8 mutant neural tube
appear normal and that Gli2 protein localized to the tips of these
mutant cilia in manner undistinguishable from wild-type. However,
we also found that neural patterning in Kif3a/Fkbp8 double mutants
was strongly dorsalized as in Kif3a single mutants. Thus, expression of
the Fkbp8 mutant phenotype appears to rely on IFT. It has been
suggested that Gli proteins must localize to the cilium in order to
subsequently function as transcriptional activators (Haycraft et al.,
2005; Scholey and Anderson, 2006), although deﬁnitive data for this
hypothesis are still lacking. If this were true, FKBP8 might regulate
Gli2 activity at a step before the transcription factor is localized to the
cilium. Other models are also consistent with the data. For example,
FKBP8 may regulate another factor such as an inhibitor that prevents
Gli2 from activating target genes in the absence of Hedgehog signals.
Accordingly, diminished function of the inhibitor would not be
sufﬁcient for Gli2 to activate target genes unless an IFT-dependent
mechanism permits the transcription factor to do so.
FKBP8 controls growth and morphology of the posterior neural tube
The posterior neural tube of Fkbp8 mutants is growth retarded by
embryonic day 10.5. It is not clear why the mutant neural tube would
show this behavior given that normal levels of Shh signaling are
required for proper proliferation and cell survival (reviewed in Ulloa
and Briscoe, 2007). However, exceptionally high levels of Hedgehog
signaling may have the opposite effect; this situation may lead to
increased cell death and decreased proliferation. For example, in the
chick, increased Shh signaling has been shown to cause a transient
increase in cell death in the ventral neural tube (Oppenheim et al.,
1999) and there is an increasing number of examples, such as in the
zebraﬁsh and Xenopus retina, where elevated Shh signaling promotes
precocious cell cycle exit at the expense of continued proliferation
Fig. 7.Model of FKBP8 function in neural patterning. FKBP8 antagonizes the Hedgehog
signaling pathway at a step that is independent of Smoothened but dependent on
kinesin-2-mediated intraﬂagellar transport and Gli2. FKBP8 prevents Gli2 from
inappropriately inducing expression of Class II homeodomain genes (e.g. Nkx2.2) and
Shh (via induction of FoxA2 expression). FKBP8 also prevents Gli2 from indirectly
repressing Class I genes (e.g., Pax7) and genes encoding BMP ligands. In Fkbp8mutants,
diminished Bmp expression and ectopic Shh expression non-cell-autonomously
ventralize neural identity beyond the extent caused by cell-autonomous constitutive
Gli2 activity. Activating and inhibitory arrows imply regulatory relationships between
the components, but in most cases the mechanisms of regulation are likely to be
indirect.
37A. Cho et al. / Developmental Biology 321 (2008) 27–39(Shkumatava and Neumann, 2005; Locker et al., 2006). We suggest
that cells of the posterior mouse neural tube may have a biphasic
response to Shh with respect to cell survival and proliferation/cell
cycle exit. Thus, when Shh signaling is inhibited, cells tend to undergo
apoptosis and proliferate more slowly due to a lengthening of G1
(Cayuso et al., 2006). Under conditions of normal Shh signaling, cells
are protected from death and proliferate rapidly. When pathway
activity is modestly activated beyond normal levels, neural tube
growth is promoted further (Jeong and McMahon, 2005). However, if
activity of this pathway is increased to very high levels, as in Fkbp8
mutants, more cells tend to undergo apoptosis at early stages and,
subsequently, a greater fraction of cells are induced to exit the cell
cycle and terminally differentiate.
It should be noted that a recent report of a second mutation in
Fkbp8, caused by a gene-trap insertion, led to qualitatively similar
effects as the allele we describe here (Wong et al., 2008). However, in
the gene-trap allele, increased cell death in the ventral neural tube
was not observed until somewhat later in development (e10–e10.5)
and Fkbp8 gene-trap homozygotes survive postnatally, in contrast to
the embryonic lethal knockout allele we have described. To explain
the discrepancies, Wong et al. hypothesize that the phenotype of the
targeted knockout allele represents a combination of disrupted Fkbp8
in conjunction with transcriptional down-regulation of the neighbor-
ing gene Ell (RNA polymerase II elongation factor) due to insertion of
the neomycin resistance gene. Thus, they argue that the gene-trap
allele represents the speciﬁc, bona ﬁde null allele of Fkbp8. However,
we examined the expression levels of the two genes immediately
ﬂanking Fkbp8 (Ell and 2810422J05Rik) in the knockout allele and
found normal levels of expression for both genes (Supp Fig. 8). The
gene-trap cassette inserted upstream of one of the three transcrip-
tional start sites in Fkbp8 and veryweak expressionwas detected from
the most downstream start site (Wong et al., 2008). Therefore, we
suggest that a very low level of functional FKBP8 protein may be
generated in the gene-trap homozygotes and that the gene-trap
represents a strong hypomorphic allele.
The nature of the non-cell-autonomous signals controlled by FKBP8
Although disruption of FKBP8 affects signals controlling neural
identity, it is not clear whether the altered signaling environment in
the mutants is sufﬁcient to inﬂuence the fate of cells which otherwise
retain FKBP8 function. We did not observe inappropriate patterning of
wild-type cells in Fkbp8↔+/+ chimeric neural tubes, but the signaling
environment may need to be predominantly mutant to reveal such an
effect. Because the ectopic speciﬁcation of ventral cell fates in Fkbp8
mutants was suppressed in the absence of Gli2, the effect of the Fkbp8
mutation on the production of extracellular signals could be a
secondary consequence of its effect on the Hedgehog pathway.
Which extracellular patterning signals might be regulated by
FKBP8? It is clear that FKBP8 restricts the size of the Shh expression
domain (Supp. Fig. 2D; Bulgakov et al., 2004) and it is likely that loss of
FKBP8 increases the level of Shh signals within the system. This raises
the question of whether the expanded domain of Shh protein
expression accounts for the non-cell-autonomous component of the
Fkbp8 phenotype. Although the ventralization of cell fates by Shh
ligands is generally consistent with this possibility, epistasis studies
indicate that other signals must be involved. In Shh/Fkbp8 double
mutants, Shh, FoxA2 and Nkx2.2 are expressed in dorsally expanded
regions comparable to those in Fkbp8 single mutants (Bulgakov et al.,
2004). However, we found that ectopic expression of Shh, FoxA2,
Nkx2.2 was largely if not entirely suppressed in mutant cells within
Fkbp8↔+/+ chimeras. Thus, several aspects of the Fkbp8 mutant
phenotype rely on the genotype of the signaling environment but not
on the presence of Shh ligand.
Other signaling factors have also been shown to regulate dorsal–
ventral neural patterning in a variety of systems. Of these, retinoic acid(RA), FGFs, Wnts and BMPs have been best characterized. Although
disruption of RA signaling is consistent with some aspects of the Fkbp8
phenotype (Diez del Corral et al., 2003; Novitch et al., 2003), it is not
consistent with other aspects. For example, RA signaling is required
for motor neuron speciﬁcation by ﬁrst inducing Olig2 expression and
then acting separately to promote HB9/Mnr2 and Isl1/2 expression
(Molotkova et al., 2005; Novitch et al., 2003), yet Olig2, HB9, and Isl1/2
expression was maintained in Fkbp8 mutants, albeit in ectopic
domains (Supp. Figs. 7A–D). Moreover, we did not observe any
differences between wild-type and Fkbp8 mutant embryos in the
expression of Raldh2, encoding the enzyme expressed by somitic
mesoderm that catalyzes the oxidation of retinal to RA (Supp, Figs. 7E,
F). Similarly, although an increase or decrease in signaling by Wnt or
FGF ligands may be consistent with speciﬁc aspects of the Fkbp8
mutant phenotype (such as dorsal expansion of the Nkx2.2+ domain;
Diez del Corral et al., 2003; Lei et al., 2006; Novitch et al., 2003),
altered signaling through these pathways is inconsistent with many
other aspects. Thus, it is unlikely that changes in RA, Wnts or FGFs in
Fkbp8 mutants account for the non-cell-autonomous aspect of the
mutant phenotype.
We favor a role for decreased production of BMP ligands in
contributing to the Fkbp8 mutant phenotype. BMP signals are
produced dorsally, ﬁrst by the surface ectoderm and subsequently
by the roof plate. Many gain-of-function and loss-of-function experi-
ments indicate that signaling by dorsal BMPs (e.g., BMP4, BMP5,
BMP6, BMP7 and GDF7) is necessary and sufﬁcient for specifying
dorsal cell neural cell identity (Lee et al., 1998; Liem et al., 2000; Liem
et al., 1997; Sailer et al., 2005; Wine-Lee et al., 2004). In addition,
whereas exposure of neural explants to Shh induces the expression of
ventral identity markers (e.g., Isl1/2, Nkx2.2, Nkx6.1, and FoxA2) and
suppresses the expression of dorsal identity markers (e.g., Pax7 and
Pax6), addition of BMP7 reverses this effect and restores dorsal neural
identity (Liem et al., 2000). In the presence of sub-threshold levels of
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although blocking the BMP pathway alone is not sufﬁcient for this
effect. Thus, decreased BMP signaling, in conjunctionwith constitutive
cell-autonomous activation of the Hedgehog pathway, could explain
the patterning phenotype we observe. Consistent with this hypoth-
esis, Fkbp8 mutants exhibited non-cell-autonomous suppression of
the BMP pathway and diminished Gdf7 and Bmp7 expression. It
should be noted that another FKBP family member, FKBP12, has been
shown to repress TGF-β signaling through inhibition of type 1 TGF-β
receptors (Wang et al., 1996). If FKBP8 were to function in an
analogous manner, we would expect the BMP pathway to be up-
regulated in the Fkbp8 mutant in a cell-autonomous manner.
However, we do not support this hypothesis as we have only observed
evidence of down-regulation of the BMP pathway in a non-cell-
autonomous manner within the posterior neural tube. Finally, we
hypothesize that the constitutive activation of the Hedgehog pathway
in Fkbp8 mutants secondarily disrupts signaling by BMPs, since
blocking the Hedgehog pathway in these mutants by simultaneous
disruption of Gli2 restored proper expression of Bmp7 and Gdf7 as
well as BMP pathway readouts in the dorsal neural tube.
Although signaling by dorsally-expressed BMPs is likely to
inﬂuence nearby cell fates, it is not clear that the signals can travel
far enough to inhibit ectopic FoxA2 and Nkx2.2 expression in the
ventral neural tube. If this were true, inhibiting BMP signaling in the
ventral neuroepithelium may be important for those cells to acquire
their proper fates. In support of this possibility, the BMP antagonists
noggin, chordin, and follistatin are normally expressed in the
notochord and the noggin mouse mutant exhibits defects in ventral
neural speciﬁcation (Liem et al., 2000; McMahon et al., 1998).
Moreover, although the notochord is sufﬁcient to induce the FoxA2+
ﬂoor plate fate when transplanted laterally adjacent to the neural tube
in chick embryos, Shh is unable tomimic this effect unless it is supplied
together with the BMP antagonist chordin (Patten and Placzek, 2002).
We propose a model (Fig. 7) for the role of FKBP8 in neural
patterning in which FKBP8 primarily functions in the Hedgehog
signaling pathway downstream of Smo to inhibit Gli2 activation. In
the absence of FKBP8, increased Gli2 activity promotes the expression
of Class II genes and inhibits the expression of Class I genes. In
addition, disruption of FKBP8 prevents normal production of BMPs in
the dorsal neural tube and this effect, in combination with cell-
autonomous derepression of the Hedgehog pathway, results in potent,
widespread ventralization of neural cell fates.
Acknowledgments
We thank Tiansen Li, Alexandra Joyner, Kathryn Anderson, and
Andrew McMahon for providing Fkbp8, Gli2zfd, Gli2lzki, Kif3a, and Smo
mutant mice. We also thank Tiansen Li, Gregory Pazour, Floria Lupu,
Kevin Lee, Mark Solloway, Bryan Crenshaw III, and Andrew McMahon
for providing antibodies and in situ hybridization probes. The mouse
monoclonal antibodies against Shh, FoxA2, Nkx2.2, Nkx6.1, HB9/
MNR2, Pax6, Pax7, Isl1/2, and Msx1/2 were obtained from the
Developmental Studies Hybridoma Bank sponsored by NICHD and
maintained by the University of Iowa, Department of Biological
Sciences, Iowa City, IA. We thank members of the Eggenschwiler
laboratory for discussions, Peter Kwag and Emily Chafﬁn for technical
assistance, and John Levorse in the Princeton Transgenic Facility for
performing blastocyst injections. This work was supported by a
research grant from the Children's Brain Tumor Foundation. A.C. and
H.W.K. were supported by fellowships from the New Jersey Commis-
sion on Spinal Cord Research.
Appendix A. Supplementary data
Supplementary data associated with this article can be found, in
the online version, at doi:10.1016/j.ydbio.2008.05.558.References
Bai, C.B., Joyner, A.L., 2001. Gli1 can rescue the in vivo function of Gli2. Development
128, 5161–5172.
Bai, C.B., Stephen, D., Joyner, A.L., 2004. All mouse ventral spinal cord patterning by
hedgehog is Gli dependent and involves an activator function of Gli3. Dev. Cell. 6,
103–115.
Barnﬁeld, P.C., Zhang, X., Thanabalasingham, V., Yoshida, M., Hui, C.C., 2005. Negative
regulation of Gli1 and Gli2 activator function by Suppressor of fused through
multiple mechanisms. Differentiation 73, 397–405.
Belo, J.A., Bouwmeester, T., Leyns, L., Kertesz, N., Gallo, M., Follettie, M., De Robertis, E.M.,
1997. Cerberus-like is a secreted factor with neutralizing activity expressed in the
anterior primitive endoderm of the mouse gastrula. Mech. Dev. 68, 45–57.
Briscoe, J., Ericson, J., 1999. The speciﬁcation of neuronal identity by graded Sonic
Hedgehog signalling. Semin. Cell. Dev. Biol. 10, 353–362.
Bulgakov, O.V., Eggenschwiler, J.T., Hong, D.H., Anderson, K.V., Li, T., 2004. FKBP8 is a
negative regulator of mouse sonic hedgehog signaling in neural tissues. Develop-
ment 131, 2149–2159.
Caspary, T., Larkins, C.E., Anderson, K.V., 2007. The graded response to Sonic Hedgehog
depends on cilia architecture. Dev. Cell. 12, 767–778.
Cayuso, J., Ulloa, F., Cox, B., Briscoe, J., Martí, E., 2006. The Sonic hedgehog pathway
independently controls the patterning, proliferation and survival of neuroepithelial
cells by regulating Gli activity. Development 133, 517–528.
Cheng, S.Y., Bishop, J.M., 2002. Suppressor of Fused represses Gli-mediated transcription
by recruiting the SAP18-mSin3 corepressor complex. Proc. Natl. Acad Sci. U. S. A. 99,
5442–5447.
Chiang, C., Litingtung, Y., Lee, E., Young, K.E., Corden, J.L., Westphal, H., Beachy, P.A.,1996.
Cyclopia and defective axial patterning in mice lacking Sonic hedgehog gene
function. Nature 383, 407–413.
Cooper, A.F., Yu, K.P., Brueckner, M., Brailey, L.L., Johnson, L., McGrath, J.M., Bale, A.E.,
2005. Cardiac and CNS defects in a mouse with targeted disruption of suppressor of
fused. Development 132, 4407–4417.
Corbit, K.C., Aanstad, P., Singla, V., Norman, A.R., Stainier, D.Y., Reiter, J.F., 2005.
Vertebrate Smoothened functions at the primary cilium. Nature 437, 1018–1021.
Diez del Corral, R., Olivera-Martinez, I., Goriely, A., Gale, E., Maden, M., Storey, K.,
2003. Opposing FGF and retinoid pathways control ventral neural pattern,
neuronal differentiation, and segmentation during body axis extension. Neuron.
40, 65–79.
Echelard, Y., Vassileva, G., McMahon, A.P., 1994. Cis-acting regulatory sequences
governing Wnt-1 expression in the developing mouse CNS. Development 120,
2213–2224.
Edlich, F., Weiwad, M., Erdmann, F., Fanghanel, J., Jarczowski, F., Rahfeld, J.U., Fischer, G.,
2005. Bcl-2 regulator FKBP38 is activated by Ca2+/calmodulin. EMBO. J. 24,
2688–2699.
Edlich, F., Erdmann, F., Jarczowski, F., Moutty, M.C., Weiwad, M., Fischer, G., 2007. The
Bcl-2 regulator FKBP38-calmodulin-Ca2+ is inhibited by Hsp90. J. Biol. Chem. 282,
15341–15348.
Eggenschwiler, J.T., Anderson, K.V., 2000. Dorsal and lateral fates in the mouse neural
tube require the cell-autonomous activity of the open brain gene. Dev. Biol. 227,
648–660.
Eggenschwiler, J.T., Bulgakov, O.V., Qin, J., Li, T., Anderson, K.V., 2006. Mouse Rab23
regulates hedgehog signaling from smoothened to Gli proteins. Dev. Biol. 290,
1–12.
Ericson, J., Briscoe, J., Rashbass, P., van Heyningen, V., Jessell, T.M., 1997. Graded sonic
hedgehog signaling and the speciﬁcation of cell fate in the ventral neural tube. Cold
Spring Harb. Symp. Quant. Biol. 62, 451–466.
Goodrich, L.V., Milenkovic, L., Higgins, K.M., Scott, M.P., 1997. Altered neural cell fates
and medulloblastoma in mouse patched mutants. Science 277, 1109–1113.
Haycraft, C.J., Banizs, B., Aydin-Son, Y., Zhang, Q., Michaud, E.J., Yoder, B.K., 2005. Gli2
and Gli3 localize to cilia and require the intraﬂagellar transport protein polaris for
processing and function. PLoS Genet. 1, e53.
Houde, C., Dickinson, R.J., Houtzager, V.M., Cullum, R., Montpetit, R., Metzler, M.,
Simpson, E.M., Roy, S., Hayden, M.R., Hoodless, P.A., Nicholson, D.W., 2006. Hippi is
essential for node cilia assembly and Sonic hedgehog signaling. Dev. Biol. 300,
523–533.
Huangfu, D., Anderson, K.V., 2005. Cilia and Hedgehog responsiveness in the mouse.
Proc. Natl. Acad Sci. U. S. A. 102, 11325–11330.
Huangfu, D., Anderson, K.V., 2006. Signaling from Smo to Ci/Gli: conservation and
divergence of Hedgehog pathways from Drosophila to vertebrates. Development
133, 3–14.
Huangfu, D., Liu, A., Rakeman, A.S., Murcia, N.S., Niswander, L., Anderson, K.V., 2003.
Hedgehog signalling in the mouse requires intraﬂagellar transport proteins. Nature
426, 83–87.
Jacob, J., Briscoe, J., 2003. Gli proteins and the control of spinal-cord patterning. EMBO.
Rep. 4, 761–765.
Jeong, J., McMahon, A.P., 2005. Growth and pattern of the mammalian neural tube are
governed by partially overlapping feedback activities of the hedgehog antagonists
patched 1 and Hhip1. Development 132, 143–154.
Jia, J., Jiang, J., 2006. Decoding the Hedgehog signal in animal development. Cell. Mol.
Life. Sci. 63, 1249–1265.
Kang, C.B., Feng, L., Chia, J., Yoon, H.S., 2005. Molecular characterization of FK-506
binding protein 38 and its potential regulatory role on the anti-apoptotic protein
Bcl-2. Biochem. Biophys. Res. Commun. 337, 30–38.
Kolpakova-Hart, E., Jinnin, M., Hou, B., Fukai, N., Olsen, B.R., 2007. Kinesin-2 controls
development and patterning of the vertebrate skeleton by Hedgehog- and Gli3-
dependent mechanisms. Dev. Biol. 309, 273–284.
39A. Cho et al. / Developmental Biology 321 (2008) 27–39Lee, K.J., Mendelsohn, M., Jessell, T.M., 1998. Neuronal patterning by BMPs: a
requirement for GDF7 in the generation of a discrete class of commissural
interneurons in the mouse spinal cord. Genes Dev. 12, 3394–3407.
Lee, K.J., Dietrich, P., Jessell, T.M., 2000. Genetic ablation reveals that the roof plate is
essential for dorsal interneuron speciﬁcation. Nature 403, 734–740.
Lee, S.K., Jurata, L.W., Funahashi, J., Ruiz, E.C., Pfaff, S.L., 2004. Analysis of embryonic
motoneuron gene regulation: derepression of general activators function in concert
with enhancer factors. Development 131, 3295–3306.
Lei, Q., Jeong, Y., Misra, K., Li, S., Zelman, A.K., Epstein, D.J., Matise, M.P., 2006. Wnt
signaling inhibitors regulate the transcriptional response tomorphogenetic Shh-Gli
signaling in the neural tube. Dev. Cell. 11, 325–337.
Liem Jr., K.F., Tremml, G., Jessell, T.M., 1997. A role for the roof plate and its resident
TGFbeta-related proteins in neuronal patterning in the dorsal spinal cord. Cell 91,
127–138.
Liem Jr., K.F., Jessell, T.M., Briscoe, J., 2000. Regulation of the neural patterning activity of
sonic hedgehog by secreted BMP inhibitors expressed by notochord and somites.
Development 127, 4855–4866.
Liu, A., Wang, B., Niswander, L.A., 2005. Mouse intraﬂagellar transport proteins regulate
both the activator and repressor functions of Gli transcription factors. Development
132, 3103–3111.
Locker, M., Agathocleous, M., Amato, M.A., Parain, K., Harris, W.A., Perron, M., 2006.
Hedgehog signaling and the retina: insights into the mechanisms controlling the
proliferative properties of neural precursors. Genes Dev. 20, 3036–3048.
Marszalek, J.R., Ruiz-Lozano, P., Roberts, E., Chien, K.R., Goldstein, L.S., 1999. Situs
inversus and embryonic ciliary morphogenesis defects in mouse mutants lacking
the KIF3A subunit of kinesin-II. Proc. Natl. Acad. Sci. U S A 96, 5043–5048.
Martinelli, D.C., Fan, C.M., 2007. Gas1 extends the range of Hedgehog action by
facilitating its signaling. Genes Dev 21, 1231–1243.
Matise, M.P., Epstein, D.J., Park, H.L., Platt, K.A., Joyner, A.L., 1998. Gli2 is required for
induction of ﬂoor plate and adjacent cells, but not most ventral neurons in the
mouse central nervous system. Development 125, 2759–2770.
May, S.R., Ashique, A.M., Karlen, M., Wang, B., Shen, Y., Zarbalis, K., Reiter, J., Ericson, J.,
Peterson, A.S., 2005. Loss of the retrograde motor for IFT disrupts localization of
Smo to cilia and prevents the expression of both activator and repressor functions
of Gli. Dev. Biol. 287, 378–389.
McMahon, J.A., Takada, S., Zimmerman, L.B., Fan, C.M., Harland, R.M., McMahon, A.P.,
1998. Noggin-mediated antagonism of BMP signaling is required for growth and
patterning of the neural tube and somite. Genes Dev. 12, 1438–1452.
Molotkova, N., Molotkov, A., Sirbu, I.O., Duester, G., 2005. Requirement of mesodermal
retinoic acid generated by Raldh2 for posterior neural transformation. Mech. Dev.
122, 145–155.
Murone, M., Luoh, S.M., Stone, D., Li, W., Gurney, A., Armanini, M., Grey, C., Rosenthal, A.,
de Sauvage, F.J., 2000. Gli regulation by the opposing activities of fused and
suppressor of fused. Nat. Cell. Biol. 2, 310–312.
Nagy, A., 2003. Manipulating The Mouse Embryo: A Laboratory Manual. Cold Spring
Harbor Laboratory Press, Cold Spring Harbor, NY.
Nakagawa, T., Shirane, M., Iemura, S., Natsume, T., Nakayama, K.I., 2007. Anchoring of
the 26S proteasome to the organellar membrane by FKBP38. Genes Cells 12,
709–719.
Niederreither, K., McCaffery, P., Drager, U.C., Chambon, P., Dolle, P., 1997. Restricted
expression and retinoic acid-induced downregulation of the retinaldehyde
dehydrogenase type 2 (RALDH-2) gene during mouse development. Mech. Dev.
62, 67–78.
Novitch, B.G., Wichterle, H., Jessell, T.M., Sockanathan, S., 2003. A requirement for
retinoic acid-mediated transcriptional activation in ventral neural patterning and
motor neuron speciﬁcation. Neuron 40, 81–95.
Oppenheim, R.W., Homma, S., Marti, E., Prevette, D., Wang, S., Yaginuma, H.,
McMahon, A.P., 1999. Modulation of early but not later stages of programmed cell
death in embryonic avian spinal cord by sonic hedgehog. Mol. Cell. Neurosci. 13,
348–361.
Pan, Y., Bai, C.B., Joyner, A.L., Wang, B., 2006. Sonic hedgehog signaling regulates Gli2transcriptional activity by suppressing its processing and degradation. Mol. Cell.
Biol. 26, 3365–3377.
Patten, I., Placzek, M., 2002. Opponent activities of Shh and BMP signaling during ﬂoor
plate induction in vivo. Curr. Biol. 12, 47–52.
Pierani, A., Brenner-Morton, S., Chiang, C., Jessell, T.M., 1999. A sonic hedgehog-
independent, retinoid-activated pathway of neurogenesis in the ventral spinal cord.
Cell 97, 903–915.
Riobo, N.A., Lu, K., Emerson Jr., C.P., 2006. Hedgehog signal transduction: signal
integration and cross talk in development and cancer. Cell Cycle 5, 1612–1615.
Rohatgi, R., Milenkovic, L., Scott, M.P., 2007. Patched1 regulates hedgehog signaling at
the primary cilium. Science 317, 372–376.
Sailer, M.H., Hazel, T.G., Panchision, D.M., Hoeppner, D.J., Schwab, M.E., McKay, R.D.,
2005. BMP2 and FGF2 cooperate to induce neural-crest-like fates from fetal and
adult CNS stem cells. J. Cell. Sci. 118, 5849–5860.
Schaeren-Wiemers, N., Gerﬁn-Moser, A., 1993. A single protocol to detect transcripts of
various types and expression levels in neural tissue and cultured cells: in situ
hybridization using digoxigenin-labelled cRNA probes. Histochemistry 100,
431–440.
Scholey, J.M., Anderson, K.V., 2006. Intraﬂagellar transport and cilium-based signaling.
Cell 125, 439–442.
Shirane, M., Nakayama, K.I., 2003. Inherent calcineurin inhibitor FKBP38 targets Bcl–2
to mitochondria and inhibits apoptosis. Nat. Cell Biol. 5, 28–37.
Shkumatava, A., Neumann, C.J., 2005. Shh directs cell-cycle exit by activating p57Kip2 in
the zebraﬁsh retina. EMBO Rep. 6, 563–569.
Svard, J., Heby-Henricson, K., Persson-Lek, M., Rozell, B., Lauth, M., Bergstrom, A.,
Ericson, J., Toftgard, R., Teglund, S., 2006. Genetic elimination of Suppressor of fused
reveals an essential repressor function in the mammalian Hedgehog signaling
pathway. Dev. Cell. 10, 187–197.
Ulloa, F., Briscoe, J., 2007. Morphogens and the control of cell proliferation and
patterning in the spinal cord. Cell Cycle 6, 2640–2649.
Varjosalo, M., Li, S.P., Taipale, J., 2006. Divergence of hedgehog signal transduction
mechanism between Drosophila and mammals. Dev. Cell. 10, 177–186.
Wang, T., Li, B.Y., Danielson, P.D., Shah, P.C., Rockwell, S., Lechleider, R.J., Martin, J.,
Manganaro, T., Donahoe, P.K., 1996. The immunophilin FKBP12 functions as a
common inhibitor of the TGF beta family type I receptors. Cell. 86, 435–444.
Wang, Y., McMahon, A.P., Allen, B.L., 2007. Shifting paradigms in Hedgehog signaling.
Curr. Opin. Cell. Biol. 19, 159–165.
Weiwad, M., Edlich, F., Erdmann, F., Jarczowski, F., Kilka, S., Dorn, M., Pechstein, A.,
Fischer, G., 2005. A reassessment of the inhibitory capacity of human FKBP38 on
calcineurin. FEBS Lett. 579, 1591–1596.
Wijgerde, M., McMahon, J.A., Rule, M., McMahon, A.P., 2002. A direct requirement for
Hedgehog signaling for normal speciﬁcation of all ventral progenitor domains in
the presumptive mammalian spinal cord. Genes Dev. 16, 2849–2864.
Wilson, L., Maden, M., 2005. The mechanisms of dorsoventral patterning in the
vertebrate neural tube. Dev. Biol. 282, 1–13.
Wine-Lee, L., Ahn, K.J., Richardson, R.D., Mishina, Y., Lyons, K.M., Crenshaw III, E.B., 2004.
Signaling through BMP type 1 receptors is required for development of interneuron
cell types in the dorsal spinal cord. Development 131, 5393–5403.
Wong, R.L., Wlodarczyk, B.J., Min, K.S., Scott, M.L., Kartiko, S., Yu, W., Merriweather, M.Y.,
Vogel, P., Zambrowicz, B.P., Finnell, R.H., 2008. Mouse Fkbp8 activity is required to
inhibit cell death and establish dorso–ventral patterning in the posterior neural
tube. Hum. Mol. Genet. 17, 587–601.
Zambrowicz, B.P., Imamoto, A., Fiering, S., Herzenberg, L.A., Kerr, W.G., Soriano, P., 1997.
Disruption of overlapping transcripts in the ROSA beta geo 26 gene trap strain leads
to widespread expression of beta-galactosidase in mouse embryos and hemato-
poietic cells. Proc. Natl. Acad. Sci. U S A 94, 3789–3794.
Zhang, X.M., Ramalho-Santos, M., McMahon, A.P., 2001. Smoothened mutants reveal
redundant roles for Shh and Ihh signaling including regulation of L/R asymmetry by
the mouse node. Cell 105, 781–792.
Zhou, H., Kim, S., Ishii, S., Boyer, T.G., 2006. Mediator modulates Gli3-dependent Sonic
hedgehog signaling. Mol. Cell. Biol. 26, 8667–8682.
